Gel polymer electrolyte ͑GPE͒ membranes based on two polymers, the polyethylene oxide ͑PEO͒ and a copolymer of polyvinylidene fluoride-hexafluoropropylene ͑PVdF-HFP͒, and a plasticizer, the dibutylphthalate ͑DBP͒, were elaborated in two ways. First, the polymers and the plasticizer were mixed together to obtain a single membrane. Second, a bilayer separator membrane was made by adjunction, through lamination, of a DBP plasticized PVdF-HFP film and a homemade DBP-PEO thin film. The physicochemical properties of the gels were analyzed. AC impedance spectroscopy was carried out on symmetric Li/GPE/Li cells using either the single layer or bilayer membrane as a function of aging ͑isothermal at 20 and 70°C͒, temperature ͑Ϫ40 to 70°C͒, and finally, galvanostatic cell polarization. Both GPE membranes exhibit high ionic conductivities, but the most spectacular result was the measured decrease in the interface resistance, indicative of a deep modification of the interface Li/GPE when the cells were polarized. Aside from having a good interface with the Li metal electrode, such membranes were also shown to form good interfaces with the cathode because assembled Li/GPE/Li 4 Ti 5 O 12 flat cells were able to sustain, at room temperature, more than 80% of their initial capacity for more than 300 cycles. The rapid development of new technologies such as laptop computers, mobile phones, and electric vehicles has prompted research aimed at improving battery performance with a special effort devoted to lithium systems.
The rapid development of new technologies such as laptop computers, mobile phones, and electric vehicles has prompted research aimed at improving battery performance with a special effort devoted to lithium systems. 1 Rechargeable lithium metal batteries have long been identified as a very promising technology, but the interest rapidly declined due to the possibility of short circuit associated with the dendritic growth of lithium at the lithium metal surface upon cycling. 2, 3 To circumvent this issue, Armand et al. suggested the use of a dry solid polymer electrolyte consisting of poly͑ethylene oxide͒ ͑PEO͒ and a lithium salt. 4 While attractive, a drawback of such a system is that batteries must operate at 80°C at least to reach a sufficient ionic conductivity. In 1994, Bellcore developed a plasticized electrolyte, which can be considered as midway between a liquid and dry polymer electrolyte because it consists of a liquid electrolyte embedded in a polymer matrix mainly based upon poly͑vinylidene fluorine-co-hexafluoropropylene͒ ͑PVdF-HFP͒. 5 Such a membrane system merges the merits of both technologies, that is to say a good ionic conductivity together with the ability to prepare flexible flat configuration membranes, which prevent liquid electrolyte leakage. Such separator membranes are being used in some of today's plastic Li-ion cells. However, due to the presence of fluorine atoms, this separator cannot be used in rechargeable lithium cells because of severe chemical-driven interfacial issues that lead to the deterioration of the electrochemical performances of the batteries. 6 To bypass these issues, within this work we tried to combine the advantages of the liquid electrolyte solvated PEO, which ensures a good interface with the lithium, and the PVdF-HFP, which enables the fabrication of freestanding liquid electrolyte loaded separators. To reach this goal, two different routes were pursued. The first one, similar to the approach of Nishimura et al., 7 consists in solvating both polymers separately prior to mixing them together in the presence of a plasticizer. Afterward, the slurry is cast onto a glass plate and after evaporation of the solvents, a unique freestanding blended membrane ͑BM͒ is obtained. The second way consists in placing a PEO high-molecular-weight thin film, acting as a buffer, between the lithium and an industrially made PVdF-HFP membrane to produce a bilayer separator ͑BLS͒. The physical and electrochemical properties of these two gel polymer membrane configurations were studied by various analytical techniques such as X-ray diffraction ͑XRD͒, differential scanning calorimetry ͑DSC͒, scanning electron microscopy ͑SEM͒ and electrochemical impedance spectroscopy ͑EIS͒. Finally, rechargeable Li/GPE/Li 4 Ti 5 O 12 ͑mean potential 1.55 V͒ and Li/GPE/LiFePO 4 ͑mean potential 3.5 V͒ lithium batteries sustaining more than 80% of their initial capacity over 300 cycles, both at room temperature and 55°C, were assembled.
Experimental
Measurements of physical properties.-X-ray diffraction patterns of PEO, PVdF-HFP, and gel polymer electrolyte ͑GPE͒ were obtained by means of a Philips PW1710 diffractometer using Cu K␣ radiation. Thermal properties were studied using a Perkin-Elmer Diamond differential scanning calorimeter. The samples were placed in aluminum pans and the temperature scanned from Ϫ70 to 200°C at heating and cooling rates of 10°C/min. The morphologies of the BM films, once metallized with platinum, were observed by means of a scanning electron microscope Philips XL-30 field emission gun.
Measurements of electrochemical properties.-The membranes ionic conductivities and the electrical properties of lithium/GPE interfaces were deduced by analyzing the impedance spectra acquired with a Solartron 1260 frequency response analyzer coupled with a Solartron 1470 multipotentiostat, if not otherwise specified. The spectra recorded under open circuit potential ͑OCP͒ were obtained over the frequency range 10 mHz-1 MHz using perturbation voltage amplitude of 5 mV. During galvanostatic polarization of symmetrical Li/GPE/Li cells, the spectra were obtained over the frequency range 0.1 Hz to 1 MHz. Z View software from Scribner & Associates was used to fit the EIS data. In each case the cells were placed into a VT 4002 from Vötsch Industrietechnik temperature regulator. Finally, the batteries were cycled at two different temperatures, 20 and 55°C, using a MacPile system ͑Biologic, Claix, France͒ operating in a galvanostatic mode.
Membrane Fabrication and Characterization
Blended membranes.-The blended membranes were prepared by gelling PVdF-HFP ͑Elf-Atochem, Kynarflex 2801 containing 12% hexafluoropropylene units͒ in highly purified acetone. PEO (Mv ϭ 4 ϫ 10 5 g mol Ϫ1 from Aldrich͒ was solvated by acetonitrile ͑ACN͒. All products were used as received. Once homogeneous, the two gels were poured in a laboratory blender together with dibutylphthalate ͑DBP, from Prolabo͒, and the whole was vigorously blended for 15 min. The resulting slurry containing similar amounts of DBP and cumulated PVdF-HFP and PEO polymers was spread on a glass plate. Moreover, within the course of this study the PEO to PVdF polymer weight ratio was altered from 0 to 60%. After evaporation of the solvents, we obtained freestanding films with thicknesses ranging from 30 to 80 m.
After DBP removal, the obtained blended membranes presented a porosity characterized by interconnected holes of a few micrometers width ͑Fig. 1͒. Their liquid electrolyte uptake was measured as a function of dipping time in a solution of ethylene carbonatepropylene carbonate mixture ͑EC/PC 1:1 in weight ratio͒ containing a 1 M dissolved lithium salt LiN͑CF 3 SO 2 ) 2 ͓lithium bis͑trifluo-romethanesulfonyl͒imide commercially known as LiTFSI͔. The plotted data points ͑Fig. 2͒ were calculated using the following formula Weight uptake ϭ w t Ϫ w 0 w 0 ϫ 100 where w t is the measured weight and w 0 the initial weight of the film. Whatever the PEO content in the BM membranes, the fraction of liquid electrolyte quickly increased and reached a maximum after about 35 min, while a pure PVdF-HFP film reached saturation after only 5 min. This liquid electrolyte uptake rate difference between PEO-free and PEO-containing membranes, both having open porosity provided by the use of a plasticizer, is most likely nested in the PEO swelling rate. Interestingly, the variation of the electrolyte uptake as a function of the PEO content shows two different sloping domains ͑Fig. 3a͒. For a PEO composition ranging from 0 to 30% ͑zone 1͒, the liquid electrolyte uptake linearly increases. Within this composition range we are below the percolation limit of the PEO islands. A few of them are not connected to open porosity paths but are spread through the PVdF-HFP matrix as schematically drawn Fig. 3b . Thus, within this range of composition, the highly swollen PVdF-HFP matrix mainly governs the overall electrolyte retention with therefore an additional part of isolated PEO islands. Beyond these 30% PEO compositions ͑zone 2 in Fig. 3a͒ , PEO domains are no longer isolated but form an interpenetrated network with the PVdF-HFP ͑see inset Fig. 3b͒ . In this case, all the PEO domains are reachable by the liquid electrolyte through the BM membrane tortuous porosity, and PEO gels rapidly fill the pores. 35 min seems to be the needed time to swell the totality of PEO. For longer times, the PEO diffusion into the dipping solution leads to the weight decrease observed in Fig. 2 , which is the most consequent ͑e.g., largest slope͒ for samples having the highest proportion of PEO. Independently of the dissolution issue with time, we note a loss of mechanical strength for swollen membranes containing above 40% PEO. The effect of PEO content on the membranes ionic conductivities ͑͒ was studied on BM disks dipped into the liquid electrolyte for only 35 min. For PEO-free PVdF-HFP membranes, a conductivity of 3 ϫ 10 Ϫ4 S cm Ϫ1 was measured. With increasing PEO content, note that the obtained values both increased and nicely traced the liquid electrolyte uptake ͑Fig. 4͒, indicating that in such systems the ionic conductivity is determined primarily by the volume fraction of the liquid component ͑gel PEO/liquid electrolyte͒ as well as its intrinsic conductivity of about 7 ϫ 10 Ϫ3 S cm Ϫ1 ͑see Fig. 4͒ . Based on these observations, the best compromise, applicationwise, in terms of mechanical strength/integrity and conductivity are membranes having PEO content below 35%. Thus, we focused the rest of our study on 30% PEO-containing membranes.
Bilayer separator.-35 m PVdF-HFP, SiO 2 , and DBP-based membranes were made according to the Bellcore process using a 3/2/4 weight ratio, respectively. 5 PEO thin films were obtained by first mixing in ACN a high-molecular-weight PEO (Mw ϭ 4 ϫ 10 6 g mol Ϫ1 from Aldrich͒ and DBP in a 1:1 weight ratio and then casting the solution on a Mylar sheet using a doctor blade apparatus gapped at 0.15 mm. After room temperature solvent removal, the resulting 10 m thick film was laminated on one side of Bellcore's PVdF-HFP separator to form the BLS membrane. After DBP extraction the BLS membrane was dipped into the electrolyte, and the maximum weight uptake was reached after only 5 min ͑Fig. 2͒. This rapid electrolyte uptake is most likely due to the rapid swelling of the PEO, which explains the difference between the BLS and the Bellcore's PVdF-HFP separator. Beyond 10 min soaking time, we note the disappearance of the PEO layer from the BLS membrane separator, leading to an important weight decrease so that the disks weights tend to a limit corresponding to the weight uptake of Bellcore's separator only. Ionic conductivity measurements were performed on BLS disks soaked only 5 min in liquid electrolyte, and an average value of about 10 Ϫ3 S cm
Ϫ1
, similar to the ionic conductivity of Bellcore's film alone, was obtained ͑Fig. 4͒.
In short, these observations highlight the main differences between the two kinds of separators. For BLS-type membranes, the PEO buffer layer is used only to ensure a good interface with the lithium, while for BM-type membranes the addition of PEO also enhances ionic conductivity.
Membrane physical characterizations.-XRD and DSC analysis ͑Fig. 5͒ were performed to better understand the crystallinity of the starting polymers and of the BM membranes prior to and after being soaked into the liquid electrolyte.
The PEO precursor was found to be highly crystalline as deduced from X-ray data 8 with two sharp diffraction peaks at 2⌰ ϭ 19.1 and 23.2°͑Fig. 5a͒. In contrast, the X-ray pattern for the PVdF-HFP polymer exhibited only a few weak and broad peaks centered at around 2⌰ ϭ 18.4 and 20°͑Fig. 5b͒, indicative of its poorly crystalline nature. 9 Random copolymers of PVdF containing HFP were previously shown to be composed of crystalline and amorphous regions; the latter ones increasing with increasing HFP content. 5, 10 The two sets of diffraction peaks ͑Fig. 5c͒ corresponding to PEO and PVdF-HFP polymers were found to coexist on the XRD pattern of the PEO/PVdF-HFP, evidencing their nonmiscibility. In contrast, only a diffraction peak located at 2⌰ ϭ 20°corresponding to PVdF-HFP 10 was observed for swollen membranes, indicative of a complete PEO swelling ͑Fig. 5d͒.
The DSC trace for PEO exhibits an endothermic peak at around 70°C ͑Fig. 5e͒ as compared to 142°C ͑Fig. 5f͒ for the PVdF-HHP copolymer endothermic peak. Once DBP is extracted, the 30% PEObased blended membrane film reveals the coexistence of both peaks ͑Fig. 5g͒. Nevertheless, after swelling in the liquid electrolyte, the peak attributed to the PEO is no longer visible ͑Fig. 5h͒. This crystalline/amorphous transition is due to the high affinity of PEO chains for the EC and PC molecules, leading to their complete swelling. On the contrary, the PVdF-HFP peak was still present, suggesting the presence of crystalline regions in agreement with X-ray data. Moreover, we noted a shift of the DSC peak toward lower temperatures (T m ϭ 90°C) for liquid electrolyte-loaded PVdF-HFP membranes as compared to electrolyte-free membranes, indicating a softening temperature for plasticized films. Both effects were previously observed and explained as due to the plasticization of the PVdF-HFP membrane by the liquid electrolyte.
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Investigation on Symmetric Cells
To evaluate the chemical and electrochemical stabilities of the BM or BLS membranes vs. lithium, symmetric Li/GPE/Li cells ͑Fig. 6a and b͒ were studied by ac impedance spectroscopy measurements. The membranes were washed with ether to remove the DBP, dried, and put into an Argon-filled glove box to be impregnated with the liquid electrolyte. The electrolyte membrane was sandwiched between two lithium foils laminated on a copper grid used as current collector. A homemade polypropylene mask having a 2 cm 2 circular opening in its center was used to fix the active lithium surface area. Afterward, the cells were sealed in hermetic coffee bags and taken out of the glove box ͑Fig. 6a and b͒.
Typical Nyquist plots for GPE-based symmetric cells are presented in Fig. 7b ͑70°C͒ and c ͑20°C͒ . Except for the inductive branch corresponding to the perturbation caused by the apparatus and the cables, two major contributions are apparent on these spec- tra. At high frequency, the impedance of the gel bulk corresponds to the shift on the real axis, while the lower frequency arc corresponds to the interface between the gel and the lithium foil. The equivalent circuit used to fit the data is given in Fig. 7a . The first contribution can be represented by a simple resistance ͑denoted R el ) in series with the contribution of the connections. The next contribution may be mainly ascribed to the lithium passivation in contact with the gel, as well as to the electronic transfer through the interface as discussed later. [12] [13] [14] To take into account the flat aspect of the loop, to a first approximation, this contribution was represented by a simple resistance in parallel with a constant phase element ͑CPE͒.
Evolution with time of both electrolyte and interface resistance was followed for the two types of separators at 70°C over 10 days. Figure 8 shows the evolution of these resistances against the square root of time. A similar behavior is observed for the blended membrane and the bilayer separator. No variation of the bulk electrolyte resistances is observed, while a strong linear increase in the interface resistances with ͱ t occurs. The membranes ͑BM and BLS͒ are very stable in term of solvent evaporation at this very elevated temperature for a gel. The increase in the interface resistance can be ascribed to the growth of a passive layer over time. 15 The variations of the first contribution, R el , vs. temperature in the range from 70 to Ϫ40°C is reported Fig. 9 . The results are compared to previous data obtained under the same conditions for similar cells using a PEO-LiTFSI (EO/Li ϭ 26) solid polymer electrolyte membrane. The film ionic conductivity was deduced from R el , knowing both the thickness of the separators ͑50, 55, and 60 m for the blended, bilayer and PEO separators, respectively͒ and the active area delimited by the polypropylene mask ͑2 cm 2 ͒. Spectra were acquired every 10°C, and two successive series of experiments were carried out from 20 to Ϫ40°C and then from 70 to Ϫ40°C. The thermodynamic stability of the separators in this temperature range is demonstrated as seen in Fig. 9a , where both blended and bilayer separators exhibit reversible behavior during the first and second series of experiments. They both presented a conductivity value close to 10 Ϫ3 S cm Ϫ1 at 20°C as compared to approximately 10 Ϫ5 S cm Ϫ1 for PEO-LiTFSI (EO/Li ϭ 26) electrolytes. In the Arrhenius plot, the variation of the ionic conductivities has a curvature characteristic of a pseudoliquid electrolyte-type behavior. 16 The continuity of the curve confirms that in the observed temperature range there is no phase transition or phase separation, while for the solid polymer electrolyte membrane there is a clear break at around 60°C in the ionic conductivity, corresponding to the PEO melting point.
The interface contribution, R i , for gels was studied using the same procedure as described for the study of the separator resistance. Due to the time evolution of R i at 70°C, only the last scan from 70 to Ϫ40°C is shown in Fig. 9b . The evolution of the interface resistances shows Arrhenius behavior, typical of activated mechanisms ͑e.g., kinetics of electronic transfer, solid ionic conduction, etc.͒. For the PEO-LiTFSI (EO/Li ϭ 26) electrolyte, the activation energy is equal to 0.8 Ϯ 0.02 eV, in good agreement with previously published values. 17 For the GPE, the slopes correspond to activation energy of 0.67 Ϯ 0.02 eV, showing that the phenomena . Cell configurations of ͑a,b͒ symmetric cells using ͑a͒ BMs, ͑b͒ BLS, and ͑c,d͒ batteries using, respectively, the same separators.
at the Li/PEO-LiTFSI (EO/Li ϭ 26) and Li/GPE interfaces are different. This difference is due to the impact of the electrolyte chemistry on the properties of the passivating layer. Both blended and bilayer separator based cells exhibit a reversible decrease in the medium-frequency semicircle at 20°C with increasing input voltage perturbation indicating the presence of a charge-transfer contribution in this loop ͑Fig. 7c͒.
In order to evaluate the impact of the interface resistance, which can reach as high as 1 k⍀ cm 2 after harsh thermal conditions, bilayer separator symmetric cells underwent a galvanostatic polarization at j ϭ 0.25 mA cm Ϫ2 ͑Fig. 10a͒. Under these conditions, the cell's potential quickly decreased by a factor of five after a polarization time of 8 h. Note that this voltage evolution is quite different from a solid polymer electrolyte behavior under polarization where a potential plateau is established after an initiation time. 18 During the galvanostatic experiment, EIS experiments were carried out using the same dc current on which a small ac current ͑0.02 mA cm Ϫ2 ͒ was superimposed. The polarization term due to the electrolyte and interface resistances (R el ϩ R i ) * I was calculated from the EIS data ͑Fig. 10b and c͒ and plotted in the Fig. 10a ͑open circles͒. The evolution of this curve is in good agreement with the evolution of the measured voltage, indicating that the decrease in the polarization is mostly due to the decrease in R e ϩ R i . Figure 10b and c clearly illustrates this phenomenon. For these impedance spectra, it is clear that only the semicircle attributed to the Li/GPE interface is modified during the polarization. As symmetrical cells were examined, it is impossible to separate the contributions of the anode and the cathode during this experiment, but because the electrolyte resistance is constant, the interface resistance suggests the occurrence of either ͑i͒ a destruction of the passive layer by crack or pore formation during the polarization 19 or (ii) a dissolution of the passive layer at the anode and fresh lithium deposition onto the passive layer at the cathode. The latter implies that the passive layer is electronically conductive, which has not been demonstrated. Furthermore, from this experiment it is possible to deduce the low-frequency impedance, i.e., the diffusion resistance R d as follows. For sym- ͒ vs. time. ͑᭺͒ Calculated voltage from the EIS spectra: U ϭ (R el ϩ R i1 ) ϫ i; ͑᭹͒ the difference between the experimental and calculated curves. ͑b͒ EIS spectra acquired at OCP and during the polarization. ͑c͒ Zoom on the low-impedance spectra presented in ͑b͒.
metric cells, the polarization resistance R p is the sum of all contributions R p ϭ R el ϩ R i ϩ R d . R p is calculated from Ohm's law using the chronopotentiometric curve, and by subtraction of the terms R e ϩ R i obtained from the EIS experiments, it is possible to determine the R d values for the GPE-based Li symmetric cells at room temperature. R d is around 120 ⍀ cm 2 for a 50 m thick GPE. This value can be compared to that of 65 ⍀ cm 2 obtained at 90°C for a 60 m thick PEO-based electrolyte, 15 because over this wide temperature range the observed difference is mainly the result of changes in salt diffusion coefficients.
Investigation on Batteries
To evaluate the feasibility of using our GPE membranes in real systems, we assembled Li/GPE/Li 4 Ti 5 O 12 cells ͑Fig. 6c and d͒. This cathode material is known to be highly reversible with the insertion/ extraction of 3 Li ions per formula unit. 20,21 2 ϫ 2 cm 2 composite cathodes were prepared, outside the glove box, from a mixture of active material ͑56% weight͒, PVdF-HFP copolymer ͑15%͒, DBP ͑23%͒, and carbon black ͑6%͒ dissolved in acetone. The resulting slurry was spread onto a glass plate, forming a plastic film after solvent evaporation. The cathodes were laminated together with an aluminum grid on one side. A second lamination on the PEO sheet was performed when BLS membranes were used. Afterward, the DBP was extracted and the cathodes transferred into the glove box where they were impregnated with the liquid electrolyte, like the separators, and added to the lithium foil prelaminated on a copper grid to produce a battery laminate held together by capillarity forces. Finally, batteries were sealed in hermetic coffee bags, taken out of the glove box, and cycled at room temperature ͑RT͒ without any external pressure applied. Whatever the cell configuration, no lamination step was performed after impregnation of the components, contrary to what is done with Bellcore technology. 22 Each cell underwent a first slow discharge ( j ϭ Ϫ0.2 mA cm Ϫ2 ͒ and charge ( j ϭ 0.1 mA cm
Ϫ2
͒ to form the active material. This step was followed by a continuous cycling corresponding to a 2 h discharge ͑C/2͒ and a slow charge ͑C/10͒ to prevent lithium dendrite formation. 18, 23 Figure 11a represents the first 200 cycles of batteries assembled with either a 30% PEO-loaded BM or a BLS. For both GPE-based cells, we observed a sustained reversible capacity still exceeding 80% of the initial capacity for 200 cycles with a coulombic efficiency of almost 99%.
Cycling tests were also performed at 55°C with the same cycling conditions. Figure 11b presents the capacity of a BLS-based battery cycled at this temperature. After an important loss during the first cycle, the capacity remained constant over the following 400 cycles. This experiment clearly shows that long cycling, even at high temperature, is possible for batteries using such a GPE.
In order to check the potential range over which our GPE membranes could properly be used in a battery, electrode materials such as LiFePO 4 were selected whose electroactive range extends to 3.7 V. The typical behavior of a Li/GPE/Li 4 Ti 5 O 12 battery is shown in Fig. 11c . A slight increase in the capacity, due to an activation period, can be noted during the first few cycles, and then the cell maintains 100% of the total initial capacity over 200 cycles ͑the maximum we have tried so far͒. These results tend to prove that GPE membranes help in preserving a good Li/electrolyte interface and therefore in preparing RT Li-metal batteries with enhanced cycle life.
Conclusions
In this work, we have shown two different ways of obtaining freestanding GPE membranes based upon PEO and PVdF-HFP with high ionic conductivity. EIS demonstrated that the electrolyte resistances of Li/GPE/Li cells remain constant over a wide range of temperatures, contrary to the interfacial resistance, which increases at 70°C due to the formation of a passivation layer. Nevertheless, under polarization this resistance decreased to recover its initial value, indicating a deep modification of this passive layer ͑i.e., a self-healing of the interface͒. The range of electrochemical stability of the GPE was found to be compatible with cathode materials operating up to about 3.7 V over a wide range of temperatures. Assembled GPE cells based either on Li 4 Ti 5 O 12 or LiFePO 4 cathodes show a sustained capacity retention up to at least 200 cycles when discharged at C/2 and charged at C/10 rate. All these results are quite encouraging for the preparation of practical highperformance, RT gel-like rechargeable lithium metal batteries. Care must still be taken, however, until cycling tests at various charge Figure 11 . ͑a͒ Cycling test at RT for the GPE and ͑b͒ at 55°C for BLS with C/2 ͑discharge͒ and C/10 ͑charge͒ rates using Li 4 Ti 5 O 12 as the positive active material. ͑c͒ Cycling test at RT of the BLS with the same rates using LiFePO 4 as the active material. and discharge rates have been extensively duplicated, and safety tests on a 500-cycle cell performed. Such studies are being presently pursued.
